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ABSTRACT
Recent work has shown, using multiple observational arguments, that cosmological
GRBs are typically viewed at angles close to the cores of their jets. One of those
arguments, relied on the lack of tens of days long periods of very shallow evolution that
may be seen in the afterglow light-curves of GRBs viewed at large angles. Motivated by
those results, we consider that GRBs only efficiently produce γ-rays within a narrow
region around the core. This results in plateaus in the X-ray light-curve that would be
seen by a large fraction of observers and would last between 102−105 s. These plateaus
naturally reproduce the observed distributions of time-scales and luminosities as well as
the inter-correlations between plateau duration, plateau luminosity and γ-ray energy.
An advantage of this interpretation is that it involves no late time energy injection
which would be both challenging from the point of view of the central engine and, as
we show here, less natural given the observed correlations between plateau and prompt
properties.
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1 INTRODUCTION
The angular structure of the energy and Lorentz factor dis-
tributions in Gamma Ray Burst (GRB) jets is a topic of
major importance both for the prospect of observing GRB
signals from upcoming gravitational wave detections of bi-
nary neutron star mergers, and for enhancing our under-
standing of formation and propagation of ultra-relativistic
jets (Lamb & Kobayashi 2017; Kathirgamaraju et al. 2018;
Granot et al. 2018; Beniamini et al. 2019; Gill et al. 2019).
Beniamini & Nakar (2019) have recently considered the
ratio between the energy emitted in the early X-ray after-
glow of long GRBs to the energy emitted in γ-rays during
their prompt phase. They have shown that since observa-
tionally this ratio does not vary strongly between different
bursts, models that involve an appreciable amount of en-
ergy around the core of the jet must be producing γ-rays
efficiently only up to an angle of θγ . 2θ j (where θ j is
the opening angle of the core). This conclusion is further
supported by two additional independent observations. The
first is the relatively small fraction of bursts with luminosi-
ties lower than the peak of the GRB luminosity function,
and the second is the lack of X-ray light-curves that evolve
very shallowly for extended (days to tens of days) periods of
time.
? E-mail: paz.beniamini@gmail.com
The latter condition is of particular interest to us in
the present work. Although GRB afterglows do not exhibit
shallow evolution for very long durations, a significant frac-
tion of GRBs do in fact exhibit plateaus lasting from hun-
dreds to tens of thousands of seconds after the burst (Nousek
et al. 2006). This kind of behaviour is an expected conse-
quence of the forward shock emission produced by struc-
tured jets viewed off-axis, provided that, as argued by Beni-
amini & Nakar (2019), bursts are always detected at angles
not much greater than θ j . Indeed early on after the discov-
ery of X-ray plateaus, Eichler & Granot (2006) suggested
that plateaus could be the result of structured jets viewed
at latitudes beyond the jets’ cores. More recently, Oganesyan
et al. (2019) have suggested a related but distinct interpre-
tation, in which plateaus are the result of the prompt emis-
sion photons produced at high latitudes to the observer (i.e.
produced by material moving at an angle more than 1/Γ
from the line of sight) and received by the observer at later
times. Many other interpretations of plateaus have been sug-
gested in the literature over the years. Some examples are
late-time energy injection from the central engine, shining
through an internal process (Ghisellini et al. 2007; Beni-
amini & Mochkovitch 2017) or as the fresh material joins the
external shock (Nousek et al. 2006; Zhang et al. 2006), for-
ward shock emission from an inhomogeneous jet (Toma et al.
2006) (which is a superposition of off-axis emitting regions),
forward shock emission with time-dependent microphysical
© 2019 The Authors
ar
X
iv
:1
90
7.
05
89
9v
1 
 [a
str
o-
ph
.H
E]
  1
2 J
ul 
20
19
2 Beniamini et al.
parameters (Granot et al. 2006; Ioka et al. 2006; Panaitescu
et al. 2006), contributions from reverse shock emission (Uhm
& Beloborodov 2007; Genet et al. 2007; Hascoe¨t et al. 2014),
external shock emission in the thick-shell regime (Leventis
et al. 2014) and delayed afterglow deceleration (Granot &
Kumar 2006; Kobayashi & Zhang 2007; Shen & Matzner
2012; Duffell & MacFadyen 2015).
Since the initial discovery of X-ray plateaus by Swift,
many more plateaus have been observed and their statistics
and correlations with other burst properties studied in de-
tail (Margutti et al. 2013; Dainotti et al. 2016; Tang et al.
2019). Although some plateaus end with a very rapid tempo-
ral decline that is clearly inconsistent with an external shock
origin (Zhang et al. 2006; Liang et al. 2006; Troja et al. 2007;
Beniamini & Mochkovitch 2017), there are less than a hand-
ful of such cases. The vast majority of plateaus appear to be
compatible with the geometric or dynamical interpretations
adopted here. We show that the forward shock emission of
GRBs viewed beyond their jet cores can naturally account
for these observed correlations without any need to invoke
late time energy injection (late time energy injection is both
challenging from the point of view of the central engine and,
as we show here, less natural given the observed correla-
tions). Furthermore, the fraction of bursts with plateaus put
strong constraints on the region within which prompt γ-rays
are efficiently produced (consistent with the results by Be-
niamini & Nakar 2019) and their typical durations inform
the allowed structure of energy and Lorentz factor beyond
the jets’ cores.
The paper is organized as follows. In §2 we outline the
basic model considered in this work for the calculation of the
prompt, afterglow and early steep decline phases in struc-
tured jets. We turn in §3 to describe two classes of plateaus
that can be viewed by observers pointed slightly beyond
the jet cores. We showcase the light-curves corresponding
to both cases and compare the correlations between the ob-
servables with GRB data. We then discuss some general im-
plications of the interpretation presented in this paper in §4
and finally conclude in §5.
2 OBSERVED γ-RAYS AND X-RAYS FROM
STRUCTURED JETS
Consider a jet in which the kinetic energy per unit solid angle
(central engine frame),  , and the initial Lorentz factor, Γ0
of the material can depend on the polar angle from the jet’s
axis, θ, but (assuming azimuthal symmetry) not on φ. For
the purpose of deriving analytic expressions we focus in this
paper on power-law distributions for , Γ0.
(θ) = dE
dΩ
= j

1 θ < θ j ,(
θ
θ j
)−α
θ ≥ θ j , (1)
Γ0(θ) = 1 + (Γj − 1)

1 θ < θ j ,(
θ
θ j
)−β
θ ≥ θ j ,
(2)
where θ j is the opening angle of the jet’s core, and j, Γj
are the energy per solid angle and initial Lorentz factor
at the core. Part of the energy described by (θ) powers
the γ-rays, while the rest remains as kinetic energy of the
blast-wave during the afterglow phase. Denoting by ηγ the
γ-ray efficiency, the (isotropic equivalent) kinetic energy of
the blast wave is Ek(θ) = 4pi(1 − ηγ)(θ) and the isotropic
equivalent contribution to the emitted γ-ray energy along
θ is Eγ,em(θ) = ηγ4pi(θ). For clarity, and in order to avoid
adding further unknown free parameters to the model, we
assume in the following that ηγ is constant up to some polar
angle θmax and then vanishes. We comment later on how re-
laxing this assumption could affect the results. The observed
(isotropic equivalent) γ-ray energy at a viewing angle θv is
then given by
Eγ(θv) = ηγ
∫ θmax (θ)
Γ(θ)4(1 − β0(θ) cos χ)3
dΩ (3)
where χ is the angle between the observer and the emitting
material, given by
cos χ = cos θv cos θ + sin θv sin θ cos φ (4)
Defining q = |θv − θ j |Γ0(θ j ) and performing the integration
in Eq. 3, one derives a useful approximation to the observed
γ-ray energy (Kasliwal et al. 2017; Granot et al. 2017; Ioka
& Nakamura 2018):
Eγ(θv) = (5)
ηγ4pi(θ j )

1 |θv | < |θ j |
max[  (θv)
 (θ j ), q
−4] |θv−θ j |  θ j
max[  (θv)
 (θ j ), q
−6(θ jΓj )2] |θv−θ j |  θ j
So long as the ratio
 (θv)
 (θ j ) in these expressions dominates, the
result is that the observed γ-ray energy equals the emitted
energy along the line of sight: Eγ(θv) = Eγ,em(θv). This is
typically the case for angular energy structures that are not
extremely steep and for viewing angles that are moderate
(e.g. θv . 2θ j as considered in this paper; see figure 2 of
Beniamini & Nakar (2019)).
As the blast wave pushes into the external medium it
starts decelerating. The Lorentz factor remains roughly con-
stant up to an observer time (omitting cosmological redshift
corrections):
tdec(θ)= (1−β0 cos χ)

(
17Ek
8pinmpc5
)1/3
β
−5/3
0 Γ
−2/3
0 ISM
9Ek
16piAβ30c
3Γ20
wind
(6)
where Ek, β, Γ0 are evaluated at θ and we have assumed
an ultra-relativistic blast-wave to set the numerical nor-
malization. The first line holds for a uniform density, n, of
the surrounding medium and the second line holds for a
wind external medium, in which the density varies as n =
(A/mp)r−2. We define, as usual the dimensionless quantity
A∗ ≡ A/(5×1011 g cm−1). For material moving along the line
of sight (1 − β0 cos χ) ∝ Γ−20 and one retains the well known
relations for the deceleration time, i.e. tdec ∝ Γ−8/30 for an
ISM and tdec ∝ Γ−40 for wind. We denote these special cases
as td,los. After tdec the Lorentz factor starts decreasing. Its
value is given by Eq. 6 by replacing t ≥ tdec instead of tdec (for
line of sight observers this yields simply Γ = Γ0(t/td,los)−3/8
for an ISM environment and Γ = Γ0(t/td,los)−1/4 for wind).
Using this evolution of the Lorentz factor it is then straight-
forward to calculate the observed afterglow luminosity at
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any given observer time given a description of the (angle de-
pendent) emitted luminosity using a similar integration to
that described for the γ-rays above. The emitted luminosity
is calculated using the standard forward shock synchrotron
radiation (see e.g. Wijers & Galama (1999); Granot & Sari
(2002)) with corrections to the electron cooling due to syn-
chrotron self Compton (see Beniamini et al. 2015 for details).
We also add an additional component to the light-curves
at early times to represent the early steep decay (ESD)
phase. The latter is often interpreted as originating from
high-latitude emission of the material producing the prompt
phase (Kumar & Panaitescu 2000), and is unlikely to be
related to the forward shock. Due to relativistic beaming,
it is typically dominated by material that is within several
Γ0(θv)−1 from the line of sight. We empirically model it here
in the following way,
LESD =
Eγ,em(θv)
T90
(
t
T90
)−3
(7)
where T90 is the duration of the prompt emission phase and
here and in what follows we use a typical value of T90 = 20 s.
This is a good approximation so long as the γ-ray energy is
dominated by the line of sight material.
3 PLATEAUS SEEN BY OFF-CORE
OBSERVERS
Relativistic beaming implies that material outside of an an-
gle χ ∼ 1/Γ from the line of sight contributes very little to
the observed radiation. For observers at θv > θ j , where the
energy content of the jet is smaller and the deceleration time
longer, this implies a weak prompt signal and an initially
weak afterglow. As time goes by, the jet slows down and the
observer can either start receiving radiation from the (more
energetic) material along the jet’s core or simply start re-
ceiving significant contributions from material moving close
to the line of sight that has eventually decelerated. Under
certain conditions that we explore below, this can lead to
a plateau-like phase in the X-ray light-curve. We turn next
to a more in-depth description of the two possible plateaus
that can be seen by observers outside the jet’s core.
3.1 Plateaus from jet core viewed off-axis
Here the light-curve is dominated by material close to the
core of the jet. In order to clearly separate this regime from
the following one discussed in §3.2, we focus on the case
where the edge of the core is separated by an angle larger
than Γ−10 from the line of sight. In this regime, the most
energetic part of the jet is initially beamed away from the
observer due to relativistic beaming. The beaming decreases
over time, until eventually the entire jet becomes visible to
the observer. This results in a shallow plateau-like phase,
assuming that Γ−1j  ∆θ . 0.5θ j 1 (where ∆θ ≡ θv − θ j). The
1 Note that for larger viewing angles, as in the case of GRB
170817A, it is also possible to get slowly evolving and even ris-
ing afterglows (depending on the structure of the outflow beyond
the jet core), but this phase will only begin appearing at late
times (hours or more after the prompt emission) and will only be
detectable for nearby GRBs.
duration of the plateau in this case is dictated by the time
it takes the core to become visible to the observer, i.e. when
Γ(θ j ) ≈ ∆θ−1 or
tp ≈ td,los(θ j )[∆θΓ0(θ j )]
1+2
 (8)
=
{
1700E1/3
j,53n
−1/3
0 (∆θ/0.02)8/3 s ISM,
970Ej,53A−1∗,−1(∆θ/0.02)4 s wind,
where Γ ∝ R− after the deceleration time ( = 3/2 corre-
sponds to an ISM environment and  = 1/2 to wind) and Ej
is the isotropic equivalent kinetic energy of the blast wave
at θ j . We also adopt here and in what follows, the notation
qx ≡ q/10x in cgs units. The strong dependence on ∆θ makes
it easy to explain a wide range of plateau durations with lit-
tle change in the viewing angle. Indeed, the observed distri-
bution of tp spans about three orders of magnitude (see e.g.
figures 2, 4) which at most (assuming all other parameters
are fixed) requires values of ∆θ typically changing by a fac-
tor of 13 for ISM (6 for wind). This is very reasonable given
that the lowest value of ∆θ in this scenario is Γ−1j ≈ 0.003
and the largest is roughly θ j/2 ≈ 0.05. If, in addition, one
allows for variation in the core energy and ambient density,
the same span of plateau durations can be reproduced with
an even smaller range of ∆θ.
We turn next to calculate the luminosity at the end
of the plateau phase. The luminosity is somewhat reduced
as compared to the standard on-axis case (in which the
isotropic equivalent of the jet’s core energy is visible to the
observer). This is because at t = tp, there is still a sizable
fraction of the jet that lies beyond an angle of Γ−1 from
the observer, and is therefore mostly hidden from the ob-
server. Since Γ evolves slower in a wind environment, the
effect is slightly more pronounced in that case. Naturally,
regardless of the surrounding medium, at t  tp, when the
entire energy of the jet becomes visible, the luminosity seen
by off-core observer matches that seen by on-axis observers.
The X-ray (defined here as 0.3 − 30 keV) luminosity at the
end of the plateau is therefore
Lp≈1046 f (1+z)
2+p
4 
p−1
e,−1
p−2
4
B,−2E
2+p
4
j,53 t
2−3p
4
p,3
(
4
1+Y
)
erg s−1
≈

7 × 1046(1+z) 2+p4 p−1
e,−1
p−2
4
B,−2E
2
3
j,53×
n
3p−2
12
0 (∆θ/0.02)
4−6p
3 41+Y erg s
−1 ISM,
1.5 × 1046(1 + z) 2+p4 p−1
e,−1
p−2
4
B,−2E
2−p
2
j,53 ×
A
3p−2
4
∗,−1 (∆θ/0.02)2−3p 41+Y erg s−1 wind,
(9)
where in the first line f is a normalization that is 10 for
ISM (1.5 for wind). We have assumed here that the X-rays
reside above the cooling and injection frequencies (corre-
spondingly νc, νm), which is typically the case at the time
of interest and where 1 + Y accounts for suppression due to
SSC cooling and can be self-consistently calculated from the
other physical parameters (see Beniamini et al. 2015 for de-
tails) and evolves very slowly with time. For p ≈ 2.2, one
finds (1 + Y ) ∝ t−1/20 for ISM ((1 + Y ) ∝ t−1/10 for wind).
We have normalized it by the typical value obtained for the
canonical values chosen here of the other parameters in the
equation (i.e. e = 0.1, B = 0.01 etc.). For these values of
p, one then finds that approximately Lp ∝ t−1p (see §4.1 for
MNRAS 000, 1–10 (2019)
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Figure 1. De-beamed core plateaus: X-ray light-curves for a
structured jet with α = 8, β  1 (the latter is chosen to ensure
that material from the core dominates the plateau, as described
in §3.1) and different observation angles (from top to bottom:
∆θ = 0 − 0.03 in steps of 0.005). The X-rays are initially domi-
nated by high-latitude emission, and at later times by the forward
shock afterglow. Results are shown for an ISM medium (top) with
n = 1 cm−3 and a wind medium (bottom) with A∗ = 0.1. We have
also taken here: Ekin, iso = 1054 erg, θ j = 0.1, Γj = 400, ηγ = 0.1,
e = 0.1, B = 0.01, p = 2.2.
more details). Light-curves arising from this scenario for a
given set of physical parameters and changing values of ∆θ
are shown in figure 1.
Finally, the energy at the core of the jet can be related
to the observed γ-ray energy. Assuming that the observed
γ-rays are always dominated by material moving along the
line of sight (see §2), we have
Eγ =
ηγ
1 − ηγ Ek(θv) =
ηγ
1 − ηγ Ej
(
θv
θ j
)−α
. (10)
Writing θv = θ j + ∆θ and using the relation between ∆θ and
tp (equation 8) we plug the previous expression into equation
9 to obtain
Lp≈1046(1+z)
2+p
4 
p−1
e,−1
p−2
4
B,−2
( 1−ηγ
ηγ
Eγ,53
) 2+p
4
t
2−3p
4
p,3
(
4
1+Y
)
erg
s
×

7
[
1+0.16t3/8p,3
(
1−ηγ
ηγ
Eγ,53
)−1/8
n1/80 θ
−1
j,−1
] (2+p)α
4
ISM
1.5
[
1+0.2t1/4p,3
(
1−ηγ
ηγ
Eγ,53
)−1/4
A1/4∗,−1θ
−1
j,−1
] (2+p)α
4
wind
(11)
The term in the bracket is the leading order approximation
of 1 +
(
tp
tj
) 
1+2
, where tj = td,los(θ j )[θ jΓ0(θ j )]
1+2
 is approx-
imately the jet break time and tp/tj = (∆θ/θ j )
1+2
 . Writing
the equation in this way makes it clear that since ∆θ < θ j ,
tp < tj . This means that the evolution immediately after the
plateau still follows the normal (pre jet break) decline phase
of GRB afterglows. For longer plateaus the two time-scales
start approaching each other leading to a shorter ‘normal
decline’ phase. In principle, a measurement of tp, tj from
observations of a given burst would lead to a direct estimate
of ∆θ/θ j that is independent of any of the other physical
parameters. However, as the viewing angle becomes larger,
the jet break transition tends to become smoother, and so
in practice it may prove quite challenging to extract this
information from observations.
Equation 11 provides a relation between the three ob-
servable quantities Eγ, Lp, tp that is largely independent of
the energy and Lorentz factor structure beyond the core.
The correlation between Lp/Eγ and tp, as well as the correla-
tion between Eγ and Lp are depicted in figure 2 as compared
with observations. Note that the latter correlation does de-
pend on the structure beyond the core (or alternatively on
the decline of ηγ beyond the core, see §2). It appears that
the observed correlations can be readily reproduced. We
stress that we do not attempt here any detailed fitting of
the model, as there are clearly some degeneracies between
some of the parameters which will hinder the usefulness of
such an approach. The purpose of this figure is simply to
demonstrate that correlations similar to the observed ones
can naturally be reproduced by this model with very rea-
sonable choices of the physical parameters.
We end this description by noting that this type of
plateau will exist even in (the idealized scenario) of purely
top hat jets (where there is no γ-ray and afterglow produc-
tion by material beyond the core). In this case, the plateau
properties remain the same as discussed above, However,
in order for the γ-rays to remain detectable, the observation
angle has to be somewhat closer to the core (i.e. ∆θ . 5Γ−1j );
Eγ in equation 10 is then replaced by the R.H.S. (q−4) term
in equation 5.
3.2 Plateaus from material moving close to the
line of sight
In this case, the plateau is due to forward shock synchrotron
emission from material travelling close to the line of sight
that has not yet began decelerating significantly. If the burst
is taking place in a wind environment, this scenario too can
MNRAS 000, 1–10 (2019)
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Figure 2. De-beamed core plateaus: correlation between Lp/Eγ
and tp (top) and between Lp and Eγ (bottom) as expected from
equations 8, 9, 11 for ISM (red) and wind environments (blue).
Results are shown for α = 8, β  1, θ j = 0.1, ηγ = 0.05 − 0.2,
p = 2.2, Ekin, iso = 1053−54 erg, e = 0.1, B = 0.01 as well as n =
0.1−1 cm−3 for ISM (A∗ = 0.1−1 for wind). The solid lines depict
the median choice of parameters in both cases, varying only the
viewing angle and leaving all other parameters fixed. Circles mark
observed GRB data, adapted from Tang et al. 2019.
result in a plateau prior to the deceleration of the line of
sight material (see also Shen & Matzner 2012). The reason
for this is that before deceleration, the energy in the for-
ward shock scales as Ek ∝ RΓ20 ∝ t. Therefore, if the X-rays
are above the cooling and injection frequencies (as expected,
see above), then Lp ∝ E (2+p)/4k t(2−3p)/4 ∝ t(2−p)/2 which for
p ≈ 2.2 is very close to being completely flat. This interpre-
tation is in a way simpler than the previous one, as it could
hold in principle even for bursts seen along their cores. How-
ever it requires the deceleration peak to occur at late times.
As shown in equation 12 below, unless the Lorentz factor of
the bulk is much smaller than expected for the jet core, this
would not be easily achieved, without invoking very small
values of the wind parameter, compared to theoretical expec-
tations. These requirements however, are somewhat relaxed
at slightly larger latitudes.
The duration of the plateau in this scenario is given by2
tp = tdec(θv) ≈ 600Ej,53A−1∗,−2Γ−4j,2
(
max
[
1,
θv
θ j
] )4β−α
s. (12)
Note in particular the small values of Γj and of the wind
parameter that were used above. Even with this choice, the
plateau is barely noticeable beyond the ESD phase. Larger
values would lead to shorter deceleration times and make
the prospect of detecting this phase poorer still. If however,
θv > θ j , then (depending on α, β) it could be possible to ob-
tain plateaus, even with somewhat larger values of Γj and/or
A∗. For example, θv = 2θ j and α = β = 3 would stretch the
duration of the plateau by a factor of 512, which can be
sufficient to lead to values of tp that are comparable to ob-
servations. As in the previous interpretation, here as well, it
is easy to explain a very wide range of plateau durations (as
observed) by introducing rather small changes to θv/θ j . An
important difference between this and the de-beamed core
scenario, is that here, as opposed to equation 8, the Lorentz
factor appears in the expression for the plateau duration.
Furthermore, a combination of small Γj and large Ej are
needed to have long plateaus in this scenario, which may be
challenging to obtain in practice.
The luminosity at the end of the plateau is obtained
by simply plugging Ek(θv) into the standard forward shock
synchrotron expressions. Assuming θv > θ j we find
Lp= 1047(1+z)
2+p
4 
p−1
e,−1
p−2
4
B,−2E
2+p
4
j,53 t
2−3p
4
p,3
(
θv
θ j
) −α(2+p)
4 ×(
4
1+Y
)
erg s−1≈ 1047(1+z) 2+p4 p−1
e,−1
p−2
4
B,−2E
4−2p
4
j,53 ×
A
3p−2
4
∗,−2 Γ
3p−2
j,2
(
θv
θ j
)2β−3βp−α+ 12αp ( 4
1+Y
)
erg s−1 (13)
As in §3.1, the approximate relation Lp ∝ t−1p is expected
(see §4.1 for details). The plateau light-curves arising from
this scenario are shown in figure 3.
The γ-ray energy is typically (unless the structure is
very steep and θv  θ j) given by the same expression as
in equation 10. In this case, one can again easily relate the
three observables Eγ, Lp, tp,
Lp =1.5×1047(1+z)
2+p
4 
p−1
e,−1
p−2
4
B,−2
(
1−ηγ
ηγ
Eγ,53
) 2+p
4 ×
t
2−3p
4
p,3
(
4
1+Y
)
erg s−1 (14)
Similar to the case in §3.1, the relationship given by equation
14 (assuming the γ-rays are dominated by the line of sight
material) is independent of the energy and Lorentz factor
structures beyond the core.
An independent correlation that can be compared with
observations is the one between Lp and Eγ. For fixed burst
2 Equation 12 holds for the ‘thin shell’ approximation (Sari &
Piran 1995). The latter is valid so long as tdec  T90. Since by
construction we are considering the situation in which tdec(θv) is
long enough to power the plateau phase (lasting between hun-
dreds to tens of thousands of seconds), this condition is expected
to be satisfied.
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Figure 3. Late deceleration plateaus: X-ray light-curves for a
structured jet with α = 8, β = 3 and different observation angles
(from top to bottom: ∆θ = 0 − 0.1 in steps of 0.02). The X-rays
are initially dominated by high-latitude emission, and at later
times by the forward shock afterglow. The plateau in this case is
produced by material moving close to the line of sight (and exists
for a wind medium only). Results are shown for Ekin, iso = 1054 erg,
θ j = 0.1, Γj = 100, A∗ = 0.1, ηγ = 0.1, e = 0.1, B = 0.01, p = 2.2.
parameters (and so long as ηγ is independent of θ) with
varying viewing angles, we use equations 12, 13, 10 to ob-
tain Lp ∝ E1−
p
2 +
β(3p−2)
α
γ . Since 1 − p2 ≈ 0 and since the ob-
served relation can be approximately fit with an exponent
1 . X . 1.5 (where Lp ∝ EXγ ) it is evident that if the
Lp − Eγ is to be dominated by the viewing angle effect, then
α & 23 (3p − 2)β ≈ 3β is needed in this model. At the same
time, equation 12 clearly demands that α < 4β in order for
plateau durations to become more extended at larger view-
ing angles (which is needed to obtain the values of some
of the longer observed plateaus with realistic parameters).
Therefore, barring possible inter-correlations between other
burst parameters, some fine-tuning in this model is required
to reproduce the observed Lp − Eγ correlation from view-
ing angle effects alone. Generally, a very steep structure is
required for the distribution of energy beyond the core.
The model as well as the observed correlations are de-
picted in figure 4. The Lp/Eγ − tp relation may be approxi-
mately reproduced, while, as mentioned above, the Lp − Eγ
correlation requires a rather steep energy structure beyond
the core as compared with the Lorentz factor structure,
which is in some tension with the requirement for producing
long lived plateaus in this scenario.
4 DISCUSSION
4.1 Relationship between plateau and prompt
properties
We begin this section by noting on a commonality between
the two types of plateaus explored in §3.1, 3.2, which will
indeed persist in any interpretation within which there is
a strong correlation between the γ-ray energy and energy
used to power the plateau which is largely independent of
Figure 4. Late deceleration plateaus: correlation between Lp/Eγ
and tp (top) and between Lp and Eγ (bottom) as expected from
equations 12, 13, 14. Results are shown for α = 8, β = 3, θ j = 0.1,
ηγ = 0.05 − 0.2, Γ0 = 100, Ekin, iso = 1053−54 erg, e = 0.1, B = 0.01,
p = 2.2, A∗ = 0.1 − 1 for wind. The solid lines depict the median
choice of parameter, varying only the viewing angle and leaving all
other parameters fixed. Circles mark observed GRB data, adapted
from Tang et al. 2019.
the energy and Lorentz factor distributions beyond the jet
core. This commonality has to do with a specific relation-
ship between the three observable parameters: the (isotropic
equivalent) γ-ray energy (Eγ) the duration of the plateau (tp)
and the luminosity at the end of the plateau (Lp). Let us as-
sume that Eγ ∝ Ek where Ek is the kinetic energy used to
power the plateau. Under the usual Blandford-Mckee blast
wave evolution, Ek is tapped to radiation mainly through
the forward shock as the blast wave interacts with the sur-
rounding medium. For typical burst parameters (Nava et al.
2014; Santana et al. 2014; Granot & van der Horst 2014;
Zhang et al. 2015; Beniamini et al. 2016; Beniamini & van
der Horst 2017), the X-rays reside above νc , νm, where the
luminosity scales with the kinetic energy and the time as:
Lp ∝ E (2+p)/4k t
(2−3p)/4
p ∝ E (2+p)/4γ t(2−3p)/4p . For p ≈ 2, this
leads to Lp ∝ Eγt−1p which is close to the observed relation.
Some small modifications to the relation above are expected
due to the effects of, e.g., slight deviations from the linear
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relation between Eγ and Ek assumed above (as in §3.1) and
SSC cooling effects (causing a slightly shallower evolution of
the luminosity with time, see Beniamini et al. 2015). Note
however, that this correlation is much less natural in the
common interpretation of plateaus that associates them with
large amounts of energy injection onto the external shocks
at late times. In the latter interpretation, the available en-
ergy at the time of γ-ray production is much smaller 3 than,
and not necessarily correlated with, the kinetic energy of the
blast-wave at the end of the energy injection phase, and the
reasoning above will no longer hold.
4.2 Differentiating between plateau origins
It is plausible that both plateau origins discussed in this pa-
per manifest in some cases. Indeed the fact that both pos-
sibilities can adequately explain the observed correlations
between Eγ, Lp, tp, could make distinguishing between them
a challenging endeavour. Nonetheless, it is interesting to test
whether there exist some (possibly more detailed) observa-
tional tests to compare these (and other) models.
One difference between the two models that is clear
from figures 1, 4 is the shape of the light-curves in both
cases during the plateau. The de-beamed core model can re-
sult in a range of behaviours, from slowly declining plateau
phases to ones that exhibit a shallow bump. Indeed this
kind of behaviour is observed in some cases (of the order
of a few percent of the entire population). Some examples
are: GRBs 081028, 090205, 100901A, 110213A, 120118B,
120215A, 120224A, 150911A, 170202A, 170822A, 181110A,
190422A. The late deceleration plateaus, on the other hand,
exhibit a roughly universal plateau phase, that is almost
completely flat. Although this is consistent with some GRB
observations, this does not seem to apply to all or even most
observed plateaus.
Another major difference in the physical set-up leading
to the two types of plateaus discussed here regards the an-
gular distribution of the Lorentz factor of the jet beyond the
jet core. The de-beamed core model (i.e. §3.1) requires rela-
tively small values ∆θ as well as a distribution of Γ that falls
rapidly beyond the core to avoid the afterglow from the line
of sight material from dominating over the off-axis contribu-
tion from the core. This scenario is consistent with a situa-
tion in which beyond the jet core there is a mildly relativistic
cocoon. Furthermore, this scenario will result in much less
efficient prompt γ-ray production at high latitudes, possibly
due to the shock breakout mechanism (Nakar & Sari 2012).
This can then explain why GRBs seem to be typically de-
tected only at angles that are within or very close to the
cores of their jets (Beniamini & Nakar 2019). Alternatively,
the other type of plateaus discussed here, due to late decel-
eration of line of sight material (§3.2) require smaller values
of Γj and somewhat shallower angular profiles of the Lorentz
factor. Furthermore, as shown in §3.2, in order to reproduce
the observed Lp−Eγ, a rather steep energy structure beyond
the core (with α ≈ 3β) is needed.
In the new era of GW detections of short GRBs, we now
have the possibility to observe (and measure) large viewing
3 This also often leads to uncomfortably large values of the
prompt gamma-ray efficiency.
angles of GRBs. We thus may be able to resolve these dif-
ferent possibilities for the jet structure and prompt emission
at large latitudes, by collecting statistical data on the prop-
erties of the prompt (Beniamini et al. 2019) and afterglow
(Gottlieb et al. 2019a; Duque et al. 2019) emission of such
bursts. This in turn could potentially distinguish between
the plateau scenarios discussed here. It should be noted how-
ever that plateaus are more often observed in long GRBs
(see Margutti et al. 2013 and §4.5 below), and it remains
an open question whether or not the structure of short and
long GRB jets are similar.
We end this discussion with two slightly more specu-
lative directions of investigation that may help distinguish
between the plateau models. The first involves the reverse
shock emission. Since the reverse shock’s behaviour before
and after the deceleration time is very distinct (when seen
from material traveling along the line of sight to the ob-
server), one may be able to test the late deceleration plateau
scenario, by searching for GRBs in which there are both an
observed reverse shock emission and a plateau phase. The
reverse shock component (if present) should evolve signifi-
cantly from before to after tp. However, this approach may
be hindered in practice since the reverse shock contribution
can rarely be identified with confidence and indeed may be
extremely weak if the GRB ejecta is even moderately mag-
netized.
The second avenue of exploration regards the polariza-
tion of the plateau. A full analysis of the polarization signal
from these models is rather involved and deserves a more
detailed study elsewhere (furthermore, it requires some ad-
ditional assumptions, e.g. regarding the symmetry of the
magnetic fields in the plane of the shock). Nonetheless, we
mention here in passing that we may expect to have different
polarization signatures in the two scenarios discussed here.
In the de-beamed core model there is a preferred orientation
of the emitting material relative to the observer, which could
result in a strong polarization signal, while in the late de-
celeration model the emitting material is roughly symmetric
around the line of sight and the overall polarization signal
would likely be much smaller.
4.3 Plateau statistics
It is illuminating to consider also that the fraction of bursts
that exhibit plateaus is ∼ 0.5 (Kumar & Zhang 2015). Under
the de-beamed core model (i.e. §3.1) interpretation, this can
be easily related to the maximal angle at which cosmological
bursts can typically be viewed, θmax. A reason that such a
limiting observation angle exists can be due to a strong re-
duction in the γ-ray producing efficiency beyond the core of
the jet (see Beniamini & Nakar 2019; Gottlieb et al. 2019b
for more details). Unless the energy structure is extremely
steep, the fraction of bursts with plateaus is roughly propor-
tional to the solid angle of on and off-axis observable bursts,
i.e.
θ2max − θ2j
θ2max
≈ 0.5, (15)
or θmax ≈ 1.4θ j . In other words, since there is a significant
fraction of bursts with no plateaus, the maximum angle at
which cosmological bursts can be detected cannot be much
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larger than the jet opening angle, θ j . This is consistent with
the results of Beniamini & Nakar (2019) mentioned above.
Furthermore, note that this argument becomes even more
stringent if some or all of the plateaus are not due to the
off-axis origin.
Since in the late deceleration model, plateaus may ap-
pear even for observers on-axis of the jet’s core, it is less
straight-forward to use the plateau statistics to constrain
the viewing angle in this case. Nonetheless, since the en-
ergy structure in this scenario must be very steep (see §3.2),
this limits how large the viewing angles of typical cosmo-
logical GRBs can be in this scenario, before they become
undetectable.
4.4 Spectrum and appearance at other
wavelengths
Observationally, there is usually no evidence for a change in
spectrum between the plateau phase and the following X-
ray emission (Kumar & Zhang 2015). For scenarios in which
the plateau is produced internally (i.e. where the emission
is from material dissipating at radii smaller than the exter-
nal shock, see §1 for examples) this requires fine tuning and
should therefore be a source of concern regarding their vi-
ability for producing the majority of the observed plateaus.
In both of the scenarios proposed here, the cause for the
end of the plateau is geometric or dynamical in nature, and
therefore there is no change of spectrum associated with the
plateau’s demise.
Extending beyond the X-rays, it is interesting to con-
sider optical observations simultaneous to X-ray plateaus.
As it turns out, the observed situation is somewhat complex
(Panaitescu et al. 2006; Li et al. 2012; Liang et al. 2013). In
some cases there are simultaneous plateaus in optical and
X-rays, while in others the optical band exhibit a distinct
temporal behaviour to the X-rays. In both of our models, the
optical may either mimic the X-rays or not, depending on
the location of the injection (νm) and cooling (νc) frequen-
cies at the time of the plateau. With reasonable variations in
the microphysical parameters, it is quite possible for the op-
tical band to be, in some cases, in between νm, νc during an
X-ray plateau, while in others, to be above both frequencies.
In particular, for the late deceleration plateaus (§3.2) there
are two extra possibilities on top of the case νobs > νm, νc
that was already explored above. First, νc < νobs < νm. Here
L ∝ E3/4t−1/4, so that as long as E ∝ t (see §3.2), we get
L ∝ t1/2. Second, we consider νm < νobs < νc . In this case (in
a wind medium) L ∝ E 1+p4 t 1−3p4 leading to L ∝ t 2−2p4 ≈ t−1/2.
That is, the optical flux could be either rising or declin-
ing during the X-ray plateau. Since in a wind environment
νc increases over time, and νm decreases, a typical progres-
sion is νc < νobs < νm leading to νc, νm < νobs and finally
νm < νobs < νc . Which one or more of these intervals will be
seen in the optical during an X-ray plateau depends on the
microphysical parameters and the viewing angle and could
therefore lead to quite a complex relationship between the
simultaneous observations in both bands. A somewhat anal-
ogous situation arises in the de-beamed core model (§3.1), al-
though there the energy increases over time not due to more
matter being decelerated, but rather due to more matter
contributing towards the line of sight (and the relationship
Figure 5. De-beamed plateaus: X-ray (solid) and optical
(dashed) light-curves for a structured jet with α = 8, β  1,
θ j = 0.1, ηγ = 0.1, Γ0 = 400, Ekin, iso = 1054 erg, e = 0.1, B = 0.01,
p = 2.2 as well as n = 1 cm−3 for ISM (red) and A∗ = 0.1 for wind
(blue). For ease of comparison with observations we use here a
0.3-10 keV range for the X-rays and the R band for the optical.
between the two is no longer given by a simple power-law
scaling). Note that in the ISM case νc is decreasing over
time, so the ordering νm < νobs < νc does not occur at late
times like in the wind case.
A side by side comparison of X-ray and optical light-
curves that will be seen for given GRBs, with different phys-
ical parameters and viewing angles is shown in figures 5, 6.
The optical light curves are computed here using the stan-
dard prescription from Sari et al. (1998), i.e. assuming that
all electrons in the shocked external medium have the same
properties (γm, γc, etc.) as freshly accelerated electrons at
the shock front. This approximation is less justified for slow
cooling electrons, especially in the wind case where Ne ∝ R
(see e.g. Beloborodov 2005). Taking into account a more re-
alistic treatment of the evolution of electrons in the shocked
region would smooth the optical light-curves and enhance
chromatic behaviours (see e.g. Uhm et al. 2012).
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Figure 6. Late deceleration plateaus: X-ray (solid) and optical
(dashed) light-curves for a structured jet with α = 8, β = 3, θ j =
0.1, ηγ = 0.1, Γ0 = 100, Ekin, iso = 1054 erg, e = 0.1, B = 0.01,
p = 2.2, A∗ = 0.1. For ease of comparison with observations we
use here a 0.3-10 keV range for the X-rays and the R band for
the optical.
4.5 Plateaus in short GRBs
Although less frequent, plateaus are also observed in short
GRBs. An examination of the Swift database4 suggests that
when a plateau is seen in a short burst it often has a short
duration. Indeed, from the plateau duration-luminosity re-
lation, short plateaus have a larger luminosity and therefore
long plateaus might be observationally discriminated against
because they are weaker. Furthermore, assuming typical val-
ues for the isotropic kinetic energy and external density in
long vs. short GRBs we find that for the same duration the
plateau luminosity is weaker in short GRBs. To illustrate
the latter point, consider the de-beamed core model. Taking
Ej = 1051 erg (Ej = 1053 erg) and n = 0.1 cm−3 (A∗ = 0.1) as
typical values for short and long bursts respectively, equa-
tion 8 results in comparable durations,
tp,S = 800E
1/3
S,51n
−1/3
−1 (∆θ/0.02)8/3 s
tp,L = 970EL,53A−1∗,−1(∆θ/0.02)4 s (16)
where the sub-script S (L) denotes short (long) GRBs. Using
equation 9 we can obtain the ratio of the plateau luminosities
for the same parameters
Lp,S
Lp,L
= 0.08E2/3S,51E
1/10
L,53 n
0.38
−1 A
−1.15
∗,−1 (∆θ/0.02)1.53 (17)
where for clarity we have used here a typical value of p = 2.2.
Equation 17 demonstrates that the ratio is small for typi-
cal values of the burst parameters, making plateaus of a
given duration more faint in short as compared with long
GRBs. Notice that if the external density in the vicinity of
short GRB explosions is weaker (as may be expected for
double neutron stars mergers with strong kicks and / or de-
lays between formation and merger), the conclusion regard-
ing the luminosity ratio becomes even stronger. Naturally,
4 https://swift.gsfc.nasa.gov/archive/grb_table/
one should also take into account the difference in typical
distances between short and long bursts. Since short GRBs
are likely to on average be closer than long GRBs, the ratio
of the observed fluxes might be somewhat closer to unity
as compared to the luminosity ratio. Still, this is unlikely
to qualitatively change the conclusion5. Overall, short GRB
plateaus, and especially the longer ones, are expected to be
harder to detect than those of long GRBs.
5 CONCLUSIONS
We have presented here an interpretation of X-ray plateaus,
linking them to forward shock emission viewed by observers
that are pointed very slightly beyond the GRB jet’s core.
Depending on the jet structure, such observers may see a
plateau in the early X-ray afterglow light-curve that is either
due to de-beamed emission from the core coming gradually
into view or else from material travelling close to the line
of sight that has not yet decelerated significantly. The lat-
ter interpretation requires a wind-like medium and although
it could in principle hold also for observers along the jet’s
core, it requires extreme choices of the physical parameters
to be realized in those cases, and instead, is more easily
seen by off-axis observers. Due to the strong dependence on
viewing angle, both interpretations can reproduce the large
span of observed plateau durations and luminosities with
very modest variations in the viewing angle between bursts.
Furthermore, they can reproduce the observed correlations
between the (isotropic equivalent) γ-ray energy (Eγ) the du-
ration of the plateau (tp) and the luminosity at the end of
the plateau (Lp). We note however that the late deceler-
ation model requires more fine tuning of the energy and
Lorentz factor structures in order to do so and also results
in a roughly universal (almost completely flat) evolution of
the X-ray light-curve before the end of the plateau, which
is less commonly observed. As such, it appears more likely
that this scenario manifests in some, but perhaps not the
majority of observed plateaus. Generalizing beyond the two
models studied in this work, we have shown that the ob-
served correlations arise in models where Eγ is roughly lin-
early correlated with, and represents a large fraction of, the
blast wave kinetic energy tapped during the plateau phase.
The most common interpretation for the plateau, involving
significant injection onto the external shock at late times
does not naturally reproduce these properties.
Due to the geometric / dynamical interpretation asso-
ciated with these plateau models, no spectral change is ex-
pected between the plateau and post-plateau emission. In
the optical band, due to interplay with the characteristic
synchrotron frequencies, complex behaviours are possible.
This feature is consistent with the observation that during
the time of X-ray plateaus, the optical light-curves of the
same GRBs are in some instances also flat, but in others
not.
The fraction of bursts that exhibit plateaus, and the
statistics of their durations can be related in these models
5 As an illustration changing the typical redshift between z =
1 for short bursts and z = 2 for long bursts, corresponds to a
modification by a factor of . 6 between the luminosity ratio in
equation 17 and the corresponding flux ratio.
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to the distribution of viewing angles. Indeed, the fact that
only ∼ 0.5 of bursts have an X-ray plateau is consistent with
the interpretation that cosmological bursts are viewed at
most only slightly off-core. The latter point is both required
by multiple lines of evidence from observations (Beniamini
& Nakar 2019) and is natural in various prompt emission
models, that will lead to very inefficient γ-ray production
at angles beyond the core where the energy and / or the
Lorentz factor have significantly decreased.
Finally, determining which (if any) of the plateau
interpretations presented here is dominant, could be aided
by observational constraints on the energy and Lorentz
factor structures beyond the jet’s core. Indeed, these are
expected to be probed in the near future with the advent of
GW-triggered GRBs (Beniamini et al. 2019; Gottlieb et al.
2019a; Duque et al. 2019).
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